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Resumo 
 
 
O presente trabalho propõe-se estudar a melhoria do COP em bombas de 
calor para produção de água quente sanitária. Este estudo foi efectuado em 
parceria com a empresa BOSCH e todos os equipamentos analisados perten-
cem a esta. Para aferir que alterações podem vir a dar origem a um aumento 
do COP, foi construído um modelo que simula o funcionamento de todo o sis-
tema. Este integra subprogramas para cada componente principal (compres-
sor, condensador, válvula de expansão e evaporador), incluindo o tanque de 
água quente e os permutadores de calor. Como o modelo de estratificação 
térmica do tanque se mostrou inadequado, os testes de COP “virtuais” não 
foram realizados segundo a norma EN 16147. No final são apresentadas as 
alternativas mais promissoras nas quais se integram alterações a nível do 
compressor e até mesmo a inserção de um componente extra. 
 
 
 
 
 
 
 
 
 
 
Keywords 
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Abstract 
 
The present work proposes to study the improvement of the COP in heat pump 
water heaters. This study was conducted in partnership with BOSCH and all 
the analyzed equipment belong to this company. To find which changes are 
most likely to result in a COP improvement, a model was constructed to simu-
late the system. This model includes a subprogram to each of every main parts 
(compressor, condenser, expansion valve and evaporator), including the hot 
water tank and the heat exchangers. As the model of thermal stratification tank 
proved inadequate, the COP "virtual" tests were not performed in accordance 
with EN 16147. At the end, the most promising alternatives, such as changes to 
the compressor and even the inclusion of an extra component, are presented. 
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Δ Δ
° 
𝑄𝐻𝑃−𝑇𝑎𝑝 =
1
3600
∫ 𝑐𝑝 ∙ 𝜌(𝑇) ∙ ?̇?𝑇𝑎𝑝 ∙ (𝜃𝑊𝐻(𝑡) −
𝑡𝑇𝑎𝑝
0
𝜃𝑊𝐶(𝑡))𝑑𝑡
 ?̇?𝑇𝑎𝑝
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 𝜌(𝑇)
𝑡𝑇𝑇𝐶
Δ° ° °
°
𝑄𝐸𝐿−𝑇𝑎𝑝 =
1
3600
∫ 𝑐𝑝 ∙ 𝜌(𝑇) ∙ ?̇?𝑇𝑎𝑝 ∙ (𝜃𝑊𝐻(𝑡) + ∆𝑇𝑑𝑒𝑠𝑖𝑟𝑒𝑑 −
𝑡𝑇𝑎𝑝
0
𝜃𝑊𝐶(𝑡))𝑑𝑡
 ?̇?𝑇𝑎𝑝
 (𝜃𝑊𝐻(𝑡) − 𝜃𝑊𝐶(𝑡))
 𝑡𝑇𝑎𝑝
 𝑐𝑝
 𝜌(𝑇)
 ∆𝑇𝑑𝑒𝑠𝑖𝑟𝑒𝑑
𝑄𝐻𝑃−𝑇𝐶 = ∑ 𝑄𝐻𝑃−𝑇𝑎𝑝𝑖
𝑛𝑇𝑎𝑝
𝑖=1
𝑄𝐸𝐿−𝑇𝐶 = ∑ 𝑄𝐸𝐿−𝑇𝑎𝑝𝑖
𝑛𝑇𝑎𝑝
𝑖=1
𝑄𝑇𝐶 = 𝑄𝐻𝑃−𝑇𝐶 + 𝑄𝐸𝐿−𝑇𝐶
 𝑛𝑇𝑎𝑝
 𝑖
 
𝑊𝐸𝑙−𝐻𝑃−𝑇𝐶 = 𝑊𝐸𝑙−𝑀−𝑇𝐶 +∑𝑊𝐸𝑙−𝐶𝑜𝑟𝑟
𝑊𝐸𝑙−𝐻𝑃−𝑇𝐶 = 𝑊𝐸𝑙−𝑀−𝑇𝐶
𝑊𝐸𝑙−𝑀−𝑇𝐶
 𝑊𝐸𝑙−𝑇𝐶 = 𝑊𝐸𝑙−𝐻𝑃−𝑇𝐶 + (24 − 𝑡𝑇𝑇𝐶) ∙ 𝑃𝑒𝑠 + 𝑄𝐸𝐿−𝑇𝐶
 𝑊𝐸𝑙−𝑇𝐶
 𝑡𝑇𝑇𝐶
 𝑃𝑒𝑠
 𝑄𝐸𝐿−𝑇𝐶
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𝒂  𝒘 𝒓 𝒊𝒏 𝒐𝒖𝒕
?̇?𝑤 ?̇?𝑎 𝑇𝑤,𝑖𝑛 𝑇𝑎,𝑖𝑛
𝑃𝑅6 𝑇𝑅6
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?̇?𝑐𝑜𝑛𝑑 = ?̇?𝑟(ℎ𝑅2 − ℎ𝑅5)
?̇?𝑐𝑜𝑛𝑑 = ?̇?𝑤𝑐𝑝,𝑤(𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛)
?̇?𝑐𝑜𝑛𝑑 = (𝑈𝐴)𝑐𝑜𝑛𝑑 ∙ 𝑓1(𝑇𝑤,𝑖𝑛; 𝑇𝑤,𝑜𝑢𝑡; 𝑇𝑅2; 𝑇𝑅5)
 
 
 
?̇? ℎ  𝑐𝑝 𝑈𝐴
𝒄𝒐𝒏𝒅
𝒇𝟏
𝑃𝑅1; 𝑇𝑅1 𝑇𝑤,𝑖𝑛; 𝑇𝑤,𝑜𝑢𝑡
𝑃𝑅2; 𝑇𝑅2 𝑇𝑎,𝑖𝑛; 𝑇𝑎,𝑜𝑢𝑡
𝑃𝑅5; 𝑇𝑅5 ?̇?𝑤; ?̇?𝑎
𝑃𝑅6; 𝑇𝑅6 ?̇?𝑟
𝑃𝑅2 = 𝑃𝑅5 𝑃𝑅1 = 𝑃𝑅6
ℎ𝑅5 = ℎ𝑅6 𝑇𝑅1 = 𝑇𝑅6 + ∆𝑇𝑠𝑢𝑝𝑒𝑟
{
(𝑈𝐴)𝑐𝑜𝑛𝑑 ∙ 𝑓1(𝑇𝑤,𝑖𝑛; 𝑇𝑤,𝑜𝑢𝑡; 𝑇𝑅2; 𝑇𝑅5) = ?̇?𝑟(ℎ𝑅2 − ℎ𝑅5)
?̇?𝑤𝑐𝑝,𝑤(𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛) = ?̇?𝑟(ℎ𝑅2 − ℎ𝑅5) 
 
𝑓(𝑇𝑤,𝑖𝑛; 𝑇𝑤,𝑜𝑢𝑡; 𝑇𝑅2; 𝑇𝑅5)
 
?̇?𝑒𝑣𝑎𝑝 = ?̇?𝑟(ℎ𝑅1 − ℎ𝑅6)
?̇?𝑒𝑣𝑎𝑝 = ?̇?𝑎𝑐𝑝,𝑎(𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡)
?̇?𝑒𝑣𝑎𝑝 = (𝑈𝐴)𝑒𝑣𝑎𝑝 ∙ 𝑓2(𝑇𝑎,𝑖𝑛; 𝑇𝑎,𝑜𝑢𝑡; 𝑇𝑅1; 𝑇𝑅6)
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{
(𝑈𝐴)𝑒𝑣𝑎𝑝 ∙ 𝑓2(𝑇𝑎,𝑖𝑛; 𝑇𝑎,𝑜𝑢𝑡; 𝑇𝑅1; 𝑇𝑅6) = ?̇?𝑟(ℎ𝑅1 − ℎ𝑅6)
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 𝑉𝑐𝑜𝑚𝑝
 𝑅𝑜𝑡𝑐𝑜𝑚𝑝
 𝜂𝑣𝑜𝑙
 𝜂𝑖𝑠𝑒𝑛𝑡
 𝜂𝑐𝑜𝑚𝑝,𝑒𝑙𝑒𝑐
 𝜂𝑐𝑜𝑚𝑝,𝑚𝑒𝑐ℎ
 ∆𝑇𝑠𝑢𝑝𝑒𝑟
 𝑃𝑒𝑣𝑎𝑝
 
𝑇𝑅1 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑥 = 1) + ∆𝑇𝑠𝑢𝑝𝑒𝑟 ℎ𝑅1 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑇 = 𝑇𝑅1)
 
 
?̇?𝑟 =
𝑉𝑐𝑜𝑚𝑝∙𝑅𝑃𝑀𝑐𝑜𝑚𝑝
𝑣𝑅1∙𝜂𝑣𝑜𝑙
 
𝑣𝑅1
 
𝑠𝑅1 = 𝑠𝑅2,𝑖𝑑𝑒𝑎𝑙 = 𝑠(R134a; 𝑇𝑅1; 𝑃𝑒𝑣𝑎𝑝)
ℎ𝑅2,𝑖𝑑𝑒𝑎𝑙 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑; 𝑠 = 𝑠𝑅2,𝑖𝑑𝑒𝑎𝑙)
 
 
ℎ𝑅2 = ℎ𝑅1 + ( 
ℎ𝑅2,𝑖𝑑𝑒𝑎𝑙−ℎ𝑅1 
𝜂𝑖𝑠𝑒𝑛𝑡
)
?̇?𝑐𝑜𝑚𝑝 = ?̇?𝑟 ∙ (ℎ𝑅2 − ℎ𝑅1)
?̇?𝑐𝑜𝑚𝑝,𝑒𝑙𝑒𝑐 =
?̇?𝑐𝑜𝑚𝑝
𝜂𝑐𝑜𝑚𝑝,𝑒𝑙𝑒𝑐∙𝜂𝑐𝑜𝑚𝑝,𝑚𝑒𝑐ℎ
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𝑇𝑅2 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; ℎ = ℎ𝑅2) ℎ𝑅2 𝑓𝑜𝑖 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑑𝑎 𝑛𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
𝑇𝑅3 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; 𝑥 = 1) ℎ𝑅3 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; 𝑥 = 1)
𝑇𝑅4 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; 𝑥 = 0) ℎ𝑅4 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; 𝑥 = 0)
𝑇𝑅5 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑐𝑜𝑛𝑑 ; ℎ = ℎ𝑅5) ℎ𝑅5 = ℎ𝑅4 −
?̇?𝑠𝑢𝑏
?̇?𝑟
𝑇𝑊4 = 𝑇𝑊1 ℎ𝑊4 = ℎ(𝑊𝑎𝑡𝑒𝑟; 𝑇 = 𝑇𝑊4; 𝑃 = 𝑃𝑊4)
𝑇𝑊5 = 𝑇𝑊4 −
?̇?𝑠𝑢𝑏
?̇?𝑤×𝑐𝑝,𝑤
ℎ𝑊5 = ℎ(𝑊𝑎𝑡𝑒𝑟; 𝑇 = 𝑇𝑊5; 𝑃 = 𝑃𝑊5)
𝑇𝑊6 = 𝑇𝑊5 +
?̇?𝑐𝑜𝑛𝑑
?̇?𝑤×𝑐𝑝,𝑤
ℎ𝑊6 = ℎ(𝑊𝑎𝑡𝑒𝑟; 𝑇 = 𝑇𝑊6; 𝑃 = 𝑃𝑊6)
𝑇𝑊7 = 𝑇𝑊6 +
?̇?𝑠𝑢𝑝𝑒𝑟
?̇?𝑤×𝑐𝑝,𝑤
ℎ𝑊7 = ℎ(𝑊𝑎𝑡𝑒𝑟; 𝑇 = 𝑇𝑊7; 𝑃 = 𝑃𝑊7)
 𝑏
𝑛𝑐ℎ,𝑤
𝛷
𝑛𝑐ℎ,𝑟
𝑊𝑝𝑙𝑎𝑐𝑎
𝛽
𝑑ℎ = 2𝑏
 
 
?̇?𝑠𝑢𝑝𝑒𝑟 = ?̇?𝑟 × (ℎ𝑅2 − ℎ𝑅3)
 
?̇?𝑠𝑢𝑝𝑒𝑟 = ?̇?𝑤 × 𝑐𝑝,𝑤 × (𝑇𝑊7 − 𝑇𝑊6)
 
𝒔𝒖𝒑𝒆𝒓
 
(𝑈𝐴)𝑠𝑢𝑝𝑒𝑟 =
?̇?𝑠𝑢𝑝𝑒𝑟
∆𝑇𝐿𝑀𝑇𝐷
× 𝐹
 
?̇?𝑠𝑢𝑝𝑒𝑟 ∆𝑇𝐿𝑀𝑇𝐷
 
∆𝑇𝐿𝑀𝑇𝐷 =
(𝑇𝑅2−𝑇𝑊7)−(𝑇𝑅3−𝑇𝑊6)
𝑙𝑛
𝑇𝑅2−𝑇𝑊7
𝑇𝑅3−𝑇𝑊6
  
(𝑈𝐴)𝑠𝑢𝑝𝑒𝑟 = 𝑈𝑠𝑢𝑝𝑒𝑟 × 𝐴𝑠𝑢𝑝𝑒𝑟
 
𝑈𝑠𝑢𝑝𝑒𝑟
 
𝑈𝑠𝑢𝑝𝑒𝑟 =
1
1
ℎ𝑤
+
1
ℎ𝑟,𝑠𝑢𝑝𝑒𝑟
 
ℎ𝑤 ℎ𝑟,𝑠𝑢𝑝𝑒𝑟
 
ℎ𝑤 = 0,277 ∙
𝜆𝑤
𝑑ℎ
∙ 𝑅𝑒𝑤
0,766 ∙ 𝑃𝑟𝑤
0,333
 
𝜆  𝑑ℎ
𝑃𝑟 𝒘 𝑅𝑒
 
𝑅𝑒𝑤 =
𝐺𝑤∙𝑑ℎ
𝜇𝑤
 
𝜇 𝐺𝑤
 
𝐺𝑤 =
?̇?𝑤
𝑛𝑐ℎ,𝑤∙𝑊𝑝𝑙𝑎𝑐𝑎∙𝑏
 
 
𝑁𝑢𝑟,𝑔𝑎𝑠 = 0,295 ∙ 𝑅𝑒𝑟,𝑔𝑎𝑠
0,64 ∙ 𝑃𝑟𝑟,𝑔𝑎𝑠
0,32 ∙ (
𝜋
2
− 𝛽)
0.09
 
𝑁𝑢 𝒓, 𝒈𝒂𝒔
 
𝑅𝑒𝑟,𝑔𝑎𝑠 =
𝐺𝑟∙𝑑ℎ
𝜇𝑟,𝑔𝑎𝑠
 
 ℎ𝑟,𝑠𝑢𝑝𝑒𝑟 =
𝜆𝑤
𝑑ℎ
∙ 𝑁𝑢𝑟,𝑔𝑎𝑠
 
 
𝐴𝑠𝑢𝑝𝑒𝑟 =
?̇?𝑠𝑢𝑝𝑒𝑟
𝐹×∆𝑇𝐿𝑀𝑇𝐷×𝑈𝑠𝑢𝑝𝑒𝑟
 
 
𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑠𝑢𝑝𝑒𝑟 = 𝐴𝑠𝑢𝑏 + 𝐴𝑐𝑜𝑛𝑑
 
 
 
?̇?𝑐𝑜𝑛𝑑 = ?̇?𝑤 × 𝑐𝑝,𝑤 × (𝑇𝑊6 − 𝑇𝑊5)
 
𝒄𝒐𝒏𝒅
 
?̇?𝑐𝑜𝑛𝑑 = ?̇?𝑟 × (ℎ𝑅3 − ℎ𝑅4)
 
 𝑈𝑐𝑜𝑛𝑑
 ∆𝑇𝐿𝑀𝑇𝐷
  𝐴𝑐𝑜𝑛𝑑 =
?̇?𝑐𝑜𝑛𝑑
𝐹×∆𝑇𝐿𝑀𝑇𝐷×𝑈𝑐𝑜𝑛𝑑
 
𝑈𝑐𝑜𝑛𝑑
𝐺𝑟 < 20 𝑘𝑔/𝑚
2𝑠
 
ℎ𝑁𝑢𝑠𝑠𝑒𝑙𝑡 = 0.943 [
𝜆𝑙𝑖𝑞
3 𝜌𝑙𝑖𝑞
2 ∆ℎ𝑓𝑔
𝜇𝑙𝑖𝑞∆𝑇×𝐿
]
 
∆𝑇
𝜆 𝜌 ∆ℎ𝑓𝑔 𝜇
𝑙𝑖𝑞
 
ℎ𝑐𝑜𝑛𝑑 = 𝛷ℎ𝑁𝑢𝑠𝑠𝑒𝑙𝑡
 
𝛷
𝐺𝑟 >
20 𝑘𝑔/𝑚2𝑠
 
ℎ𝑐𝑜𝑛𝑑  = 𝛷 5,03 ∙
𝜆𝑙𝑖𝑞
𝑑ℎ
∙ 𝑅𝑒𝑟,𝑒𝑞
0,333 ∙ 𝑃𝑟𝑙𝑖𝑞
0,333
 
𝑅𝑒𝑒𝑞
 
𝑅𝑒𝑟,𝑒𝑞 =
𝐺𝑟,𝑒𝑞∙𝑑ℎ
𝜇𝑙𝑖𝑞
 
𝐺𝑟,𝑒𝑞
 
𝐺𝑟,𝑒𝑞 = 𝐺𝑟 ∙ [(1 − 𝑋𝑚) + 𝑋𝑚 (
𝜌𝑙𝑖𝑞
𝜌𝑔𝑎𝑠
)
1
2
]
 
𝑋𝑚 𝒈𝒂𝒔
𝐺
 
𝐺𝑟 =
?̇?𝑟
𝑛𝑐ℎ,𝑟∙𝑊𝑝𝑙𝑎𝑐𝑎∙𝑏
 
𝐺𝑟 > 20 𝑘𝑔/𝑚
2𝑠
 
 
𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑐𝑜𝑛𝑑 − 𝐴𝑠𝑢𝑝𝑒𝑟 = 𝐴𝑠𝑢𝑏
 
𝒔𝒖𝒃
 
 
(UA)sub = Usub × Asub
 
Usub
 
𝑈𝑠𝑢𝑏 =
1
1
ℎ𝑤
+
1
ℎ𝑟,𝑠𝑢𝑏
 
ℎ𝑟,𝑠𝑢𝑏
ℎ𝑟,𝑠𝑢𝑏 = 
𝜆𝑤
𝑑ℎ
∙ 0,44 ∙ (
6𝛽
𝜋
)
0.38
∙ 𝑅𝑒𝑟,𝑙𝑖𝑞
0,5 ∙ 𝑃𝑟𝑟,𝑙𝑖𝑞
1
3
𝜷 𝑅𝑒𝑟,𝑙𝑖𝑞
 
𝑅𝑒𝑟,𝑙𝑖𝑞 =
𝐺𝑟∙𝑑ℎ
𝜇𝑟,𝑙𝑖𝑞
 
ε
 
𝑁𝑇𝑈 =
𝑈𝐴𝑠𝑢𝑏
𝐶𝑚𝑖𝑛
 
𝑁𝑇𝑈 𝐶𝑚𝑖𝑛
𝐶ℎ𝑜𝑡 = ?̇?𝑟𝑐𝑝,𝑟 𝐶𝑐𝑜𝑙𝑑 = ?̇?𝑤𝑐𝑝,𝑤
 
𝜀 = 𝑓(𝑁𝑇𝑈; 𝐶𝑟)
 
𝐶𝑟 𝑓
 
?̇?𝑠𝑢𝑏 = ?̇?𝑚𝑎𝑥 × 𝜀
 
?̇?𝑚𝑎𝑥 ?̇?𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛 × (𝑇𝑅2 −
𝑇𝑊6) 
 
𝑇𝑟,𝑜𝑢𝑡 = 𝑇𝑟,𝑠𝑎𝑡 −
?̇?𝑠𝑢𝑏
𝑚𝑟̇ ∙𝑐𝑝,𝑟,𝑙𝑖𝑞
 
𝑇𝑟,𝑠𝑎𝑡
 
 
ℎ𝑅6 = ℎ𝑅5
 
 
  
 
 
𝑇𝑅6 = 𝑇𝑅7 ℎ𝑅6 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑥 = 𝑥𝑅6)
𝑇𝑅7 = 𝑇(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑥 = 1) ℎ𝑅7 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑥 = 1)
𝑇𝑅1 = 𝑇𝑅7 + ∆Tsuper ℎ𝑅1 = ℎ(𝑅134𝑎; 𝑃 = 𝑃𝑒𝑣𝑎𝑝; 𝑇 = 𝑇𝑅1)
 
𝑇𝐴1 = 𝑇𝑎𝑚𝑏 𝑇𝐴3 = 𝑇𝐴2 +
?̇?𝑒𝑣𝑎𝑝𝑜
?̇?𝑎𝑐𝑝,𝑎
𝑇𝐴2 = 𝑇𝐴1 +
?̇?𝑠𝑢𝑝𝑒𝑟
?̇?𝑎𝑐𝑝,𝑎
𝒅𝒆𝒙𝒕 𝛿𝑓𝑖𝑛
𝜹𝒕𝒖𝒃𝒐 𝑃𝑓𝑖𝑛
𝑷𝒕
𝑷𝒍
𝑳𝒕𝒖𝒃𝒐,𝒊𝒏𝒅𝒊𝒗𝒊𝒅𝒖𝒂𝒍
Número de planos verticais: 𝑵𝒑𝒍𝒂𝒏𝒐𝒔  
𝑵𝒕𝒖𝒃𝒐𝒔,𝒑𝒍𝒂𝒏𝒐
 
𝑑𝑖𝑛𝑡 = 𝑑𝑒𝑥𝑡 − 2𝛿𝑡𝑢𝑏𝑜
𝑃𝑑 = √(
𝑃𝑡
2
)
2
+ 𝑃𝑙
2
𝑁𝑝𝑎𝑠𝑠 = 𝑁𝑝𝑙𝑎𝑛𝑜𝑠 × 𝑁𝑡𝑢𝑏𝑜𝑠,𝑝𝑙𝑎𝑛𝑜
𝐴𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙,𝑖𝑛𝑡 = 𝜋𝑑𝑖𝑛𝑡𝐿𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙
𝐴𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙,𝑒𝑥𝑡 = 𝜋𝑑𝑒𝑥𝑡𝐿𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙
𝐴𝑡𝑢𝑏𝑜,𝑔𝑙𝑜𝑏𝑎𝑙,𝑒𝑥𝑡 = 𝐴𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙,𝑒𝑥𝑡 × 𝑁𝑝𝑎𝑠𝑠
𝐴𝑡𝑢𝑏𝑜,𝑟𝑒𝑎𝑙,𝑒𝑥𝑡 = 𝐴𝑡𝑢𝑏𝑜,𝑔𝑙𝑜𝑏𝑎𝑙,𝑒𝑥𝑡 − (𝜋𝑑𝑒𝑥𝑡 × 𝛿𝑓𝑖𝑛 × 𝑁𝑝𝑎𝑠𝑠 × 𝑁𝑓𝑖𝑛)
𝑁𝑓𝑖𝑛 =
𝐿𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙
𝑃𝑓𝑖𝑛+𝛿𝑓𝑖𝑛
𝑋𝑡 =
𝑃𝑡
2
𝑋𝑑 =
𝑃𝑡
2
𝐴𝑓𝑖𝑛,𝑔𝑙𝑜𝑏𝑎𝑙 = 2𝑁𝑓𝑖𝑛 × × × 𝑁𝑝𝑎𝑠𝑠
𝐴𝑓𝑖𝑛,𝑏𝑢𝑟𝑎𝑐𝑜𝑠 = 2𝑁𝑓𝑖𝑛 × 𝜋 × 𝑟𝑒𝑥𝑡
2 × 𝑁𝑝𝑎𝑠𝑠
𝐴𝑓𝑖𝑛,𝑟𝑒𝑎𝑙 = 𝐴𝑓𝑖𝑛,𝑔𝑙𝑜𝑏𝑎𝑙 − 𝐴𝑓𝑖𝑛,𝑏𝑢𝑟𝑎𝑐𝑜𝑠
𝐴𝑒𝑣𝑎𝑝,𝑒𝑥𝑡 = 𝐴𝑓𝑖𝑛,𝑟𝑒𝑎𝑙 + 𝐴𝑡𝑢𝑏𝑜,𝑟𝑒𝑎𝑙,𝑒𝑥𝑡𝑒𝑟𝑛𝑜
𝐴𝑒𝑣𝑎𝑝,𝑖𝑛𝑡 = 𝐴𝑡𝑢𝑏𝑜,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙,𝑖𝑛𝑡 × 𝑁𝑝𝑎𝑠𝑠
𝐴𝑠𝑒𝑐 = (𝑃𝑡 − 𝑑𝑐) × (𝑃𝑓𝑖𝑛 − 𝛿𝑓𝑖𝑛) × (Nfin + 1)
𝑑𝑐 = 𝑑𝑒𝑥𝑡 + 2𝛿𝑓𝑖𝑛
𝑑ℎ =
4×𝐴𝑠𝑒𝑐×(𝑃𝑙×𝑁𝑝𝑙𝑎𝑛𝑜𝑠)
𝐴𝑒𝑣𝑎𝑝,𝑒𝑥𝑡
𝑅𝑒𝑙á𝑟𝑒𝑎𝑠 =
𝐴𝑒𝑣𝑎𝑝,𝑒𝑥𝑡
𝐴𝑒𝑣𝑎𝑝,𝑖𝑛𝑡
 
ε
 
𝑈𝑒𝑣𝑎𝑝𝑜,𝑖𝑛𝑡 =
1
1
𝜂𝑒𝑥𝑡×ℎ𝑎×𝑅𝑒𝑙á𝑟𝑒𝑎𝑠
+
1
ℎ𝑟,𝑒𝑣𝑎𝑝
 
𝜂 𝑅𝑒𝑙á𝑟𝑒𝑎𝑠 ℎ
𝒊𝒏𝒕 𝒆𝒙𝒕 𝒂
𝒆𝒗𝒂𝒑𝒐
 
𝑗 = 0,086 × 𝑅𝑒𝑑𝑐
𝑃3 × 𝑁𝑝𝑙𝑎𝑛𝑜𝑠
𝑃4 × (
𝑃𝑓𝑖𝑛
𝑑𝑐
)
𝑃5
× (
𝑃𝑓𝑖𝑛
𝑑ℎ
)
𝑃6
× (
𝑃𝑓𝑖𝑛
𝑃𝑡
)
−0,93
𝑃3 = −0,361 −
0,042×𝑁𝑝𝑙𝑎𝑛𝑜𝑠
ln(𝑅𝑒𝑑𝑐)
+ 0,158 ln (𝑁 (
𝑃𝑓𝑖𝑛
𝑑𝑐
)
0,41
)
𝑃4 = −1,224 −
0,076×(
𝑃𝑙
𝑑ℎ
)
1,42
ln(𝑅𝑒𝑑𝑐)
𝑃5 = −0,083 +
0,058×𝑁𝑝𝑙𝑎𝑛𝑜𝑠
ln(𝑅𝑒𝑑𝑐)
𝑃6 = −5,735 + 1,21 × ln (
𝑅𝑒𝑑𝑐
𝑁𝑝𝑙𝑎𝑛𝑜𝑠
)
 
 
𝑅𝑒𝑑𝑐 =
𝑑𝑐×𝜌𝑎×𝑢𝑎,𝑚𝑎𝑥
𝜇𝑎
 
𝒅𝒄
𝑑𝑐 = 𝑑𝑒𝑥𝑡 + 2𝛿𝑓𝑖𝑛 𝑑𝑒𝑥𝑡
 
𝑢𝑎,𝑚𝑎𝑥 =
?̇?𝑎
Amin
 
 
Amin = (𝑃𝑡 − 𝑑𝑐) × (𝑃𝑓𝑖𝑛 − 𝛿𝑓𝑖𝑛) ×
𝐿𝑒𝑣𝑎𝑝×𝐻𝑒𝑣𝑎𝑝
𝑃𝑡×𝑃𝑓𝑖𝑛
 
 
ℎ𝑎 =
𝜆𝑎
𝑑ℎ
× 𝑗 × 𝑅𝑒𝑑𝑐 × 𝑃𝑟𝑎
1
3
 
 
ℎ𝑟,𝑒𝑣𝑎𝑝 = 𝛼 = 𝛼1 (1 + 3000𝐵𝑜
0,86 + 1,12 [
𝑥
1−𝑥
]
0,75
[
𝜌𝑟,𝑙𝑖𝑞
𝜌𝑟,𝑔𝑎𝑠
]
0,41
)
 
𝛼1
𝐵𝑜 𝜌𝑟,𝑙𝑖𝑞 𝜌𝑟,𝑔𝑎𝑠
𝛼1
𝐵𝑜 𝛼1
 
𝑁𝑢𝑙𝑖𝑞 =
𝑓
8
(𝑅𝑒𝑑−1000)𝑃𝑟𝑟,𝑙𝑖𝑞
1+12,7 (
𝑓
8
)
1
2
(𝑃𝑟
𝑟,𝑙𝑖𝑞
2
3 −1)
 
𝑓
 
𝑓 = (0,790 𝑙𝑛(𝑅𝑒𝑑) − 1,64)
−2
 
 
𝛼1 =
𝑁𝑢𝑠𝑠𝑟,𝑙𝑖𝑞×𝜆𝑟,𝑙𝑖𝑞
𝑑𝑖𝑛𝑡
 
 
𝐵𝑜 =
?̇?𝑒𝑣𝑎𝑝𝑜
𝐺×ℎ𝑟,𝑓𝑔
 
 
𝑟𝑒𝑞 = 1,27 × 𝑋𝑇√
𝑋𝑑
𝑋𝑡
− 0,3
 
 
𝜂𝑓𝑖𝑛 =
tanh(𝑚𝑟𝜑)
𝑚𝑟𝜑
× cos(𝑚𝑟𝜑)
 
𝜑
 
𝜑 = (
𝑟𝑒𝑞
𝑟𝑒𝑥𝑡
− 1) × (1 + 0,35 ln (
𝑟𝑒𝑞
𝑟𝑒𝑥𝑡
))
 
𝑚
 
𝑚𝑟 = √
2×ℎ𝑎
𝛿𝑓𝑖𝑛×𝜆𝑓𝑖𝑛
 
ℎ𝑎
 
𝜂𝑒𝑥𝑡 = 1 −
𝐴𝑓𝑖𝑛,𝑟𝑒𝑎𝑙
𝐴𝑒𝑣𝑎𝑝,𝑒𝑥𝑡
× (1 − 𝜂𝑓𝑖𝑛)
 
 
?̇?𝑒𝑣𝑎𝑝𝑜 = ?̇?𝑚𝑎𝑥 × 𝜀
 
𝜀
?̇?𝑚𝑎𝑥
 
?̇?𝑚𝑎𝑥 = Cmin × (TR6 − TA2)
 
 𝐴𝑒𝑣𝑎𝑝𝑜 =
𝑁𝑇𝑈×𝐶𝑚𝑖𝑛
𝑈𝑒𝑣𝑎𝑝𝑜
 
 
 
?̇?𝑠𝑢𝑝𝑒𝑟 = ?̇?𝑟𝑐𝑝,𝑟∆𝑇𝑠𝑢𝑝𝑒𝑟
 
∆𝑇𝑠𝑢𝑝𝑒𝑟
?̇?𝑠𝑢𝑝𝑒𝑟
 
∆𝑇𝐿𝑀𝑇𝐷 =
(𝑇𝐴2−𝑇𝑅7)∙(𝑇𝐴1−𝑇𝑅1)
ln
𝑇𝐴2−𝑇𝑅7
𝑇𝐴1−𝑇𝑅1
 
 𝑈𝑠𝑢𝑝𝑒𝑟
 ∆𝑇𝐿𝑀𝑇𝐷
  𝐴𝑠𝑢𝑝𝑒𝑟 =
?̇?𝑠𝑢𝑝𝑒𝑟
𝐹×∆𝑇𝐿𝑀𝑇𝐷×𝑈𝑠𝑢𝑝𝑒𝑟
 
𝑈𝑠𝑢𝑝𝑒𝑟,𝑖𝑛𝑡 =
1
1
𝜂𝑒𝑥𝑡×ℎ𝑎×𝑅𝑒𝑙á𝑟𝑒𝑎𝑠
+
1
ℎ𝑟,𝑠𝑢𝑝𝑒𝑟
 
 
hr,super =
𝜆r,gas
𝑑𝑖𝑛𝑡
× 0,023 (
𝐺𝑟,𝑒𝑣𝑎𝑝𝑑𝑖𝑛𝑡
𝜇𝑟,𝑔𝑎𝑠
)
0,8
(
𝜇𝑟,𝑔𝑎𝑠𝑐𝑝,𝑟,𝑔𝑎𝑠
𝜆r,gas
)
𝑛
 
𝐺𝑟,𝑒𝑣𝑎𝑝
 
𝐺𝑟,𝑒𝑣𝑎𝑝 =
?̇?𝑟
𝜋×𝑟𝑖𝑛𝑡
2
 𝐴𝑠𝑢𝑝𝑒𝑟,𝑖𝑛𝑡 =
?̇?𝑠𝑢𝑝𝑒𝑟
𝐹×𝑈𝑠𝑢𝑝𝑒𝑟,𝑖𝑛𝑡×∆𝑇𝐿𝑀𝑇𝐷
 
 
 
≃
 
  
 
𝑀iCf
dTi
dt
= αiṁhotCf(Thot − Ti) + βiṁredeCf(Trede − Ti) + δiγiCf(Ti−1 − Ti)
+ (1 − δi)γiCf(Ti − Ti+1) − UAi(Ti − Tamb)
 
 αi i
 βi i
 γi = ṁhot ∑ αj
𝑖−1
𝑗=1 − ṁrede ∑ βj
𝑁
𝑗=𝑖+1
 δi = {
1, 𝑠𝑒 γi > 0
0, 𝑠𝑒 γi ≤ 0
UAi
L r2 r1
𝑈𝐴i =
1
1
2πr1Lhint
+
ln
r2
r1
2πkisolL
+
1
2πr2Lhext
 
h
 
ℎint =
𝑁𝑢𝑠𝑠×𝜆w
L
 
𝑁𝑢𝑠𝑠
𝑅𝑎
 
𝑁𝑢𝑠𝑠𝑤 =
{
 
 
 
 
0,825 +
0,387𝑅𝑎
1
6
[1+(
0,492
𝑃𝑟
)
9
16]
8
27
}
 
 
 
 
2
 
 
𝑅𝑎 =
𝑔𝛽(𝑇𝑠−𝑇∞)𝐿
3
𝜐𝛼
 
?̇?ℎ𝑜𝑡 ?̇?𝑟𝑒𝑑𝑒
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?̇?𝑆𝐿𝐻𝑋 = ?̇?𝑟𝑐𝑝,𝑟∆𝑇𝑆𝐿𝐻𝑋
?̇?𝑆𝐿𝐻𝑋 ?̇?𝑟
𝑐𝑝,𝑟 ∆𝑇𝑆𝐿𝐻𝑋
°
ε
ε
 𝑁𝑢𝑖𝑛 = 0,023𝑅𝑒𝑖𝑛
4/5 
𝑃𝑟𝑛
 
𝑁𝑢𝑖𝑛 𝑅𝑒𝑖𝑛
 𝑃𝑟
𝑛 𝑛
 
𝐷ℎ = 𝐷𝑜𝑢𝑡 − 𝐷𝑖𝑛
 
 
?̇?𝑆𝐿𝐻𝑋 = (𝑈𝐴)𝑆𝐿𝐻𝑋∆𝑇𝐿𝑀𝑇𝐷
 
(𝑈𝐴)𝑆𝐿𝐻𝑋
∆𝑇𝐿𝑀𝑇𝐷 ?̇?𝑆𝐿𝐻𝑋
∆𝑇𝐿𝑀𝑇𝐷
 
(𝑈𝐴)𝑆𝐿𝐻𝑋 = 𝑈𝐴𝑐𝑜𝑙𝑑 = 𝑈𝐴ℎ𝑜𝑡 = 𝑈ℎ𝑜𝑡𝐴ℎ𝑜𝑡 = 𝑈𝑖𝑛𝐴𝑖𝑛
 
𝐴ℎ𝑜𝑡
𝐴ℎ𝑜𝑡 = 𝜋𝐷𝑖𝑛𝐿𝑆𝐿𝐻𝑋
𝑈𝑖𝑛
 
𝑈𝑖𝑛𝐴𝑖𝑛 =
1
1
ℎ𝑖𝑛𝐴𝑖𝑛
+
1
2𝜋𝑘𝐿 ln (
𝐷𝑜𝑢𝑡
𝐷𝑖𝑛
) +
1
ℎ𝑜𝑢𝑡𝐴𝑜𝑢𝑡
  
𝑈𝑖𝑛 =
1
1
ℎ𝑖𝑛
+
𝐷𝑖𝑛
2𝑘 ln (
𝐷𝑜𝑢𝑡
𝐷𝑖𝑛
) +
𝐷𝑖𝑛
ℎ𝑜𝑢𝑡𝐷𝑜𝑢𝑡
  
 
ℎ =
𝑁𝑢 𝑘𝑓𝑙𝑢𝑖𝑑
𝐷
 
𝐿𝑆𝐿𝐻𝑋 =
?̇?𝑆𝐿𝐻𝑋
𝑈𝑖𝑛∆𝑇𝐿𝑀𝑇𝐷𝜋𝐷𝑖𝑛
 
ε°,
 𝐿𝑆𝐿𝐻𝑋 =
?̇?𝑆𝐿𝐻𝑋
𝑈ℎ𝑜𝑡∆𝑇𝐿𝑀𝑇𝐷𝜋
𝐷ℎ𝑜𝑡
4 × 𝐹
 
?̇?𝑆𝐿𝐻𝑋 𝐷ℎ𝑜𝑡
𝑈ℎ𝑜𝑡
𝐿𝑆𝐿𝐻𝑋 = 449 × 1,2 = 538.9 ≈ 𝟓𝟓𝟎𝒎𝒎
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